Introduction
Semiconductor photocatalysis continues to be an area of significant growth both in terms of research and commercial products 1 . The latter are largely dominated by architectural materials, usually accompanied by the sobriquet 'self-cleaning', such as self-cleaning glass, tiles, paint and concrete 1 . In their 'self-cleaning' role, most commercial photocatalytic materials use, as the semiconductor photocatalyst, TiO2, usually in anatase form, to mediate the oxidation of pollutants, P, usually organic in nature, by ambient oxygen, i.e. TiO2 P + O2 → oxidation products (1) UV Note: the absorption of UV radiation is necessary to activate the TiO2, since it has a bandgap of 3.0 eV.
Most commercial photocatalytic materials are slow to act, not least because only about 4% of solar light is UV radiation, and most internal light sources have only a small UV component, if at all. It is no surprise, therefore, to note that many research groups are focused on developing a robust, visible light-absorbing semiconductor photocatalyst.
Indeed, a brief inspection of the literature 1 reveals such a plethora of visible-light absorbing photocatalysts, not least those based on anion-doping (N, S and P) of TiO2, that it is surprising that, to date, that most major commercial photocatalytic products, such as selfcleaning glass or tiles, remain TiO2-based and so only UV absorbing.
There are many possible reasons why current visible-light promoted photocatalysts reported in the research literature have not made a significant impact on the major commercial, self-cleaning product scene, including: the cost of scaled-up production, low photostability and low activity, both in the visible and UV. However, another possible reason is that the original claim of visible light photocatalysis has been made in error, particularly if it was based on the photobleaching of a dye, as the test pollutant, so that some or all of the observed photobleaching may have been due to dye photosensitisation and/or dye photolysis, rather than photocatalysis 2, 3 . Alternatively, if the pollutant forms a visible-light absorbing ligand-to-metal charge transfer complex, i.e. LMCTC, or CTC for short, with the semiconductor, then the visible light induced disappearance of the organic pollutant may be due to a dye-photosensitisation mechanism, involving the electronically excited state of the CTC, and, once again, not photocatalysis 4 . Given this range of possible routes to the destruction of 'P' in reaction (1) , it is obviously, essential to establish the identity of the light-absorbing species (e.g. semiconductor, dye or CTC?) before any claim of visible light photocatalysis can be made with confidence; and, as we shall see, this is usually made possible by recording the action spectrum of the system.
Dye-sensitisation and photolysis
Dye (photo)sensitisation usually involves the initial electronic excitation of the dye, D, to D*, by light of sufficient energy, hν', so that D* is able to then inject an electron into the conduction band of the semiconductor, SC, which in turn then reacts with ambient O2 present in the system 4,5 . The process can be summarized as follows:
hν' SC O2
D → D* → D +• + SC(e -) → D +• + O2 - (2) where hν' is the energy of the photons absorbed by the dye, SC is the semiconductor under test (usually TiO2), and D +• is an oxidized radical of the dye that is unstable and able to react further to produce colourless degradation products. An example of a deliberate study of dye sensitization is provided the work of Wu et al. 5 , in their work on the photosensitized bleaching of Rhodamine B under visible light in an aqueous dispersion of TiO2, and numerous reviews 2,3 provide many more such examples. As noted above, a slightly modified version of the dye-sensitisation process can also operate if the non-visible light absorbing pollutant, P, forms a visible-light absorbing CTC between the SC and the substrate 6 .
Dye photolysis involves the electronically excited state of the dye which is either simply unstable and/or quenched by ambient O2 to produce singlet oxygen -which then oxidises the dye, i.e. D + hν' → D* (+ O2). → bleached products
Whatever the underlying mechanism, in dye photolysis the dye is bleached under irradiation, often at a rate that is largely independent of the presence of the semiconductor.
In practice, in most photocatalytic studies the process of dye photolysis is usually quickly discounted by observing no dye photobleaching in the absence of the semiconductor photocatalyst; although, as rightly noted by others, this latter 'blank' experiment doesn't eliminate the possibility of dye-sensitisation 3 .
A typical example of dye photolysis is the reported irreversible photobleaching of resazurin, Rz, in an anaerobic aqueous solution containing P25 TiO2 and glycerol 6 . Rz absorb little in the UVA region (320-400 nm) and so UVA irradiation of the Rz/TiO2/glycerol system results in the rapid (half-life, t1/2, = ca. 1 min; 5 mW cm -2 ) photocatalysed reduction of Rz (blue colour) to resorufin (pink), and concomitant oxidation of glycerol. In contrast, when irradiated with 617 nm light (the λ(max) of Rz = 658 nm), where Rz does absorb, no Rf is produced, but the blue coloured dye slowly bleaches (t1/2, = ca. 30 min; 10 mW cm -2 ) due to dye photolysis; as might be expected, the rate of the latter process is independent of the presence of glycerol and TiO2.
Action spectrum and photonic efficiency
In semiconductor photocatalysis an action spectrum is a plot of photonic efficiency, not quantum yield 7 , versus excitation wavelength, λ, where photonic efficiency, η, is defined as the ratio between the number of molecules formed or degraded in a photocatalytic system per unit time, and the number of photons incident on the system per unit time, at a given wavelength, λ 8 . In most cases, initial rate, ri (units: moles s -1 ) is taken as the numerator of this ratio and the incident photon flux, ρ (units: moles of photons of wavelength, λ, or Einsteins s -1 ) as the denominator, i.e. η = ri/ρ (4)
In most photocatalytic studies the irradiance, E (units of mW cm -2 ), rather that ρ is reported, where, for example, 1 mW cm -2 of 365 nm UVA light is equivalent to 1.84x10 15 photons cm -2 s -1 , or 3.05x10 -9 Einsteins cm -2 s -1 . If polychromatic radiation is used, then the ratio of initial rate to incident photon flux has been defined 8,9 as the formal (or apparent) quantum efficiency, FQE, although many use the two terms, η and FQE, interchangeably 9 . In contrast to photonic efficiency, quantum yield, QY, measurements are notoriously difficult to make 10 , as they require the accurate measurement of the absorbed, rather than incident, light flux.
Thus, the measurement of QY, and the much less common reports of QY vs λ are outside the scope of this tutorial review, except where such plots appear wrongly named, and are really η vs λ plots, vide infra.
It is worth deviating slightly at this point to ask what -in the context of eqn (4) -is monochromatic (rather than polychromatic) radiation. A brief perusal of the literature associated with action spectra, and the measurement of η, suggests that it is not unusual for an excitation emission band with a full-width at half-maximum intensity (FWHM) of ca.
20 nm, to be considered sufficiently monochromatic to allow the calculation of η; although FWHM values nearer 10 nm are more common, vide infra. In order to achieve this level of monochromaticity when recording an action spectrum, i.e. a plot of η vs λ, usually a polychromatic light source, such as a Xe lamp, is coupled to a monochromator (MC).
Alternatively, interference-type optical filters maybe used, instead of a monochromator, to provide different wavelengths of 'monochromatic' radiation. However, optical cut-off filters, instead of interference filters, are not so useful, since they provide an integrated version of the action spectrum, i.e. a 'pseudo-action spectrum' 3 , and although it is possible to simply differentiate a pseudo action spectrum, to obtain the real action spectrum, it is not recommended, since the latter may be significantly distorted due to a variation in the sharpness of the filters and light intensity effects (vide infra).
Interestingly, the standard Black Light Blue lamp, BLB, with a phosphor which emits at 368 nm, and which is in general use in semiconductor photocatalyst research, has, typically, a FWHM of ca. 18 nm. In contrast, the other main type of BLB, with a phosphor that emits at 352 nm, has, a FWHM of ca. 40 nm. The narrow band BLB is of little use with regard to recording an action spectrum, but can provide a useful guide to the intensity dependence of the photocatalytic system at 365 nm, and so be used to test the validity of the often made assumption that the rate of the photocatalytic reaction is proportional to ρ (vide infra). For reasons that will become clear later, ideally, whatever the irradiation system, the irradiance should, ideally, be adjusted, using neutral density filters or by altering the distance, so that the number of photons incident to the reaction cell is the same at all wavelengths. In practice, this is a tedious process and so rarely carried out.
Obviously, if either dye photolysis or dye-sensitisation occurs, then a photocatalyst can appear to exhibit visible light photocatalytic activity, whereas in fact the observed photobleaching of the dye is NOT associated with semiconductor photocatalysis, i.e. NOT due to reaction (1), but instead is due to a dye-sensitisation and/or dye photolysis processes, i.e. reactions (2) or (3) . As a consequence, in order to support any claim of photocatalysis, especially visible light photocatalysis, there is a real need to identify the absorbing species and this can be achieved by recording the action spectrum of the system, which is usually a plot of photonic efficiency (or apparent quantum efficiency), η, of the system versus wavelength of the incident irradiation 3, 11 . If the action spectrum has a similar spectral profile to the photoabsorption spectrum of the semiconductor alone, then this can be taken as strong evidence that the reaction is indeed photocatalytic. If, on the other hand, there are striking discrepancies between the two then this suggests a non-photocatalytic mechanism is in operation.
Examples of action spectra
A list of some of the action spectra reported to date for both UV and visible light absorbing photocatalysts is given in TiO2. Most action spectra can be identified as being a member of one of the following two groups: (i) ideal (rare) or (ii) distorted (common) action spectra. An ideal action spectrum is one in which the initial rate of the reaction is proportional to ρ at all λ, and the semiconductor photocatalyst is the only absorbing species, so that the resulting action spectrum has the same spectral profile as the plot of the fraction of light absorbed by the semiconductor photocatalyst, f, versus λ. All photocatalyst action spectra that do not satisfy the definition of the ideal action spectrum, fall under the heading of distorted action spectra. Further discussion of ideal action spectra and the different types of distorted action spectra is provided in the following sections. *unless stated otherwise, a Xe-lamp with monochromator was used as the excitation source.
Ideal action spectra
In an 'ideal' heterogeneous semiconductor photocatalytic system, it is assumed that the initial rate of a photoreaction is proportional to the rate of absorption of the exciting light, so that eqn (4) transforms into:
Where k is a proportionality constant, which, amongst other things, depends upon how efficient the photocatalyst is at promoting the photocatalytic reaction. The term, f, Diffuse Reflectance Spectroscopy, DRS, is used routinely to identify wavelength the region where a solid material absorbs by measuring the reflectance, R∞, as a function of excitation wavelength, λ. This data is usually presented as either the absorbance (log(1/R∞) or the Kubelka-Munk, K-M function, i.e. F(R∞) = (1-R∞) 2 /2 R∞, which can be used 'as a proxy for the typical absorption spectrum' 27 . DRS is often used to probe the absorption spectra of semiconductor photocatalysts, 27,28 and when combined with an action spectrum can help identify the light-absorbing species 3, 29 .
Note also that the action spectrum for an ideal photocatalytic system should be independent of photo flux/irradiance. Thus, if the action spectrum for an ideal photocatalytic system is recorded at several different average irradiance values, then the resulting plots of η vs λ will superimpose on one another. An ideal photocatalytic system is defined here as one in which: (i) the initial rate is proportional to ρ at all λ and (ii) the test pollutant does not form a charge transfer complex, CTC, nor does it absorb any of the wavelengths of excitation used in the study. A very nice illustration of such an ideal system is provided by the work on Torimoto et al 9 , in their study of the photocatalysed dehydrogenation of methanol (MeOH; 50 vol%) in water using photoplatinized (2 wt%) anatase TiO2 (10 mg cm -3 ) from Merck (BET surface area: 13 m 2 g -1 ).
In this case, the photocatalytic reaction can be summarized as:
The rate of hydrogen evolution was measured as a function of excitation wavelength, using a Xe/MC irradiation system (FWHM ca. 17 nm at all λ) at three different average irradiances (0.1, 1.4 and 7.5 mW cm -2 ) 9 . The resulting kinetic data were used to generate the plot of (normalized) photonic efficiency vs λ illustrated in figure 1. As expected for an ideal photocatalytic system, the three action spectra for reaction (6), corresponding to the three different average irradiances (i.e. 0.1, 1.4 and 7.5 mW cm -2 ), superimpose on one another and give a very approximate fit to the DRS of the TiO2 powder (broken line in figure 1 ). The Although the fit of the DRS to the action spectra illustrated in figure 1 is not very good, it does indicate that the semiconductor photocatalyst is most likely the light absorbing species in this system and, therefore, the reaction is probably a true example of photocatalysis. In contrast, most photocatalytic systems, such as many of those listed in table 1, are non-ideal.
Simulation and testing ideal action spectra
Recently, the optical properties of dispersions of TiO2, from several different suppliers, have been characterised 30,31 in sufficient detail that a value for f can be calculated at a number of different wavelengths for a particular dispersion of a relevant sample of TiO2 using the expression:
Where Abs(λ) is the effective absorbance of the TiO2 dispersion at wavelength λ, and given by:
Where κ(λ), units: cm 2 g -1 , is the specific absorption coefficient at λ, [TiO2] is the concentration of the TiO2 dispersion (units: g cm -3 ) and b, units: cm, is the penetration depth of the excitation light of wavelength λ, assuming its less than the pathlength of the reaction cell. A value for b at each wavelength, λ, can be estimated by assuming that at b, 99% of the light has either been lost by scattering or absorption, i.e. at b, Abs(λ) = 2, thus:
where, β is the Extinction (i.e. absorption plus scattering) coefficient. This calculation is appropriate only if the photoreactor has an optical path length that is > b; which -as we In practice, a feature of an 'ideal' photocatalytic system appears to be one in which at least one part of the overall photo-induced redox reaction, i.e. the reduction or oxidation, is facile. For example, in reaction (6), the sacrificial electron donor, MeOH, is in vast excess (50 vol% ≡12.4 M) and easily oxidized so that its reaction with the photogenerated holes on a semiconductor such as TiO2, would be expected to be very fast.
As noted earlier, an important characteristic of an ideal photocatalytic reaction is that the initial rate is proportional to ρ, or E, even at high levels, at all λ used to generate the action spectrum. Although it is impractical to check the latter feature at all λ, a sample of wavelengths should be tested. For example, in a study of reaction (6), Torimoto et al 9
reported the initial rate to be largely independent of E over the range ca (0.05-0.1) -(5-10) mW cm -2 , when probed using 290, 350 and 380 nm light.
For all photocatalytic systems, even for an ideal one, as ρ is increased, a photon flux level will eventually be reached, the threshold flux, ρ(threshold), much above which the initial rate is no longer proportional to ρ, but rather ρ θ , where θ is < 1 and typically tending towards 0.5 32 . Note that ρ(threshold) is used here as a mathematical construct, to help identify the regions: (i) ρ << ρ(threshold), over which rate is proportional to ρ and (ii) ρ >> ρ(threshold), where rate is proportional to ρ 1/2 .
In practice, this feature has been demonstrated in many different photocatalytic systems 9,33,34 . A nice illustration of the ρ(threshold) region is provided by the work of by Egerton and King 33 , in their study of the photocatalytic oxidation of 2-propanol to acetone, by rutile TiO2, in which the initial rate was determined as a function of ρ over an impressively wide range (ca. (0.002 to 103)x10 16 photons cm -2 s -1 ) using a 250 W medium pressure Hg lamp (unfiltered) as the light source A plot of these results is illustrated in figure 3 , along with broken red lines to highlight the regions in which the initial rate is proportional to ρ (for low values of ρ) and proportional to ρ 0.5 . In this system ρ(threshold) is ca. 4.7x10 15 photons s -1 , and, if we assume all photons are 365 nm, and an irradiation area = 2 cm 2 , this translates to an irradiance of ca. 1.3 mW cm -2 , which would be considered a moderate irradiance in most photocatalytic studies. The latter point is made to highlight the fact that it would be wrong to assume for any photocatalytic system the values of ρ(threshold) and E(threshold) are always exceptionally high, i.e. >> 10 mW cm -2 at 365 nm say; whereas, in practice the threshold irradiance can be < 1.5 mW cm -2 . The often made argument 32 for the change of dependence of initial rate upon ρ is that at low ρ the overall photocatalytic reaction is dependent directly upon the rate of generation of electron-hole pairs and, therefore, ρ, because direct electron-hole pair recombination is a minor process, but at high irradiances, electron-hole pair recombination dominates and the overall rate tends to be dependent upon ρ 0.5 . In practice 10,35 , at the moderate irradiances commonly employed in semiconductor photocatalysis (ca. 0.5-3 mW cm -2 ) it is not uncommon for the rate to be depend directly upon ρ θ , where 0.5 < θ < 1.
So far we have considered the features of an ideal action spectrum, i.e. one in which θ = 1 and so eqn (5) is obeyed at all λ Any deviation from this ideal spectral profile can be considered a distortion (from the ideal), the cause of which may be due to one, or more effects which include: (i) variation in emission irradiance/intensity, (ii) crystal phase and (iii) pollutant, absorption; and, each of these effects is discussed below.
Intensity distorted action spectra
The intensity distortion effect is readily demonstrated by considering what the action spectrum of a simple photocatalytic system would look like if the initial rate is proportional to ρ θ rather than ρ, where 0.5 <θ < 1.
It follows from eqn (5) that, at any excitation wavelength, the measured photonic efficiency, η, will be given by the expression: And so in all cases where ρ > ρ(threshold), then the greater the value of ρ, compared to ρ(threshold), the lower the value of η, i.e. when θ = 0.5 (and, in fact, more generally when θ < 1). Thus, when θ < 1, η will be dependent upon ρ, at any excitation wavelength, which is in striking contrast to an ideal system, where θ = 1 and η is independent upon ρ As a result, for any photocatalytic system under study in which θ < 1, the resulting action spectrum will appear distorted from that of the true, i.e. 'ideal', action spectrum (for which θ = 1).
In order to gain an insight into the extent of this distortion effect, consider a TiO2 Note: this expression only holds provided ρ > ρ(threshold). In order to make these calculations more pertinent, we require a typical lamp profile and figure 4(b) illustrates some extreme lamp profiles, namely, those for: (i) a lamp with a photon flux density (i.e. ρ/A, where A = irradiation area, that is independent of λ (set at 10 14 photons nm -1 cm -2 (≡ 0.054 mW nm -1 cm -2 at 365 nm), and the typical emission spectra of (ii) a Xe and (ii) Xe/Hg 1000W lamp. For simplicity we shall set ρ(threshold) to be ca. 3.5x10 13 photon nm -1 cm -2 (≡ 0.019 mW nm -1 cm -2 at 365 nm), so that at all λ, ρ > ρ(threshold), and eqn (13) can be used to calculate the resulting action spectra, which are illustrated in figure 4(a) . These calculated action spectra show that only if ρ is constant at all λ will the action spectrum (broken line in figure 4(a) , have the same spectral profile as that of the ideal action spectrum, i.e. the action spectrum of same system, but carried out at ρ < ρ(threshold).
In contrast, in the two other cases, using emission profiles for real lamps, the calculated action spectra are distorted versions of the ideal action spectrum, and the distortion is due to the emission profile of the lamp. The most dramatic of these distortions is the action spectrum associated Xe/Hg lamp, i.e. the blue spikey line in figure 4(a) , which highlights the striking effect a markedly variable lamp emission spectrum has on an the action spectrum for a photocatalytic system in which rate is proportional to ρ θ , where 0.5 < θ < 1; in this example θ = 0.5. A quick comparison between the action spectrum one might expect for a Xe/Hg lamp and the emission of that lamp (illustrated in figures 4(a) and 4(b), respectively) reveals that the action spectrum is a composite of the f vs λ spectrum of the semiconductor photocatalyst and the 'negative' of the lamp emission spectra, exhibiting peaks and troughs in the action spectrum where there are troughs and peaks in the emission spectrum.
Clearly, this simulation suggests that it would be very unwise to run an action spectrum using a Xe/Hg lamp, since it is very possible that at the emission peaks in the spectrum the condition ρ > ρ(threshold) will be met, so that θ < 1 and the resulting action spectrum will exhibit a series of peaks and troughs. This feature is as predicted above, assuming that, at the peaks in the emission spectrum at least, the initial rate is not proportional to ρ. This finding clearly calls into question any claim of spectral sensitivity for this system, or any system studied by any group using a Xe/Hg lamp in which the peaks and troughs in the action spectrum are matched by the troughs and peaks in the emission spectrum of the excitation lamp.
It should be noted at this point that in the same paper 8 the authors reported that at 334, 365 and 380 nm, they found, for this system, that the initial rate of reaction (13) was proportional to ρ; which -if true -would rule out the suggestion that the peaks and troughs in the action spectrum were due θ being < 1 at the Xe/Hg lamps' emission peak wavelengths at least, if not at the other λ. However, the irradiance at 365 nm at least (ca. 12.3 mW cm -2 )
is very high and others 15,35,36 , studying the same system have reported θ < 1, with typically θ = 0.5, at much less levels (2-6.4 mW cm -2 ). In order to test the claim of spectral sensitivity for this system the Mills group 36 recently reported the action spectrum for reaction (14) under identical conditions to those reported by Emeline et al 8 , but using a 1000W Xe lamp, and the results of this work are illustrated in figure 5(b) . A brief inspection of the action spectrum for the 4-CP/P25 TiO2/O2 system, recorded using a Xe lamp/MC as the excitation light source illustrated in figure 5(b) reveals no evidence of spectral sensitivity, i.e. no peaks and troughs, but a striking similarity to the diffuse reflectance spectrum (absorbance) spectrum of the P25 dispersion in the photocatalytic system, also illustrated in figure 5(b) (red line). These results provide strong support for the proposition that the peaks and troughs in the action spectrum of the 4-CP/P25 TiO2/O2 system, recorded using a Xe/Hg lamp/monochromator are due to the lamp profile, i.e. there are a lamp artefact, and so do not provide evidence for spectral sensitivity in this system 36 .
The distortion of an action spectrum due to the emission spectral profile of the lamp, provided that θ < 1 at one or more wavelengths, is most apparent using a lamps with very spikey emission spectra, such as a Xe/Hg or Hg (medium or high pressure) lamp, however, researchers should be aware of the fact that even a Xe lamp can distort an 'ideal' action spectrum somewhat, as illustrated in figure 4(b) , although, not very dramatically. A possible illustration of this distortion is the action spectrum reported by Torimoto et al. 13 for the photocatalytic oxidation of acetic acid (AA), i.e.
TiO2
AA + 2O2 → 2CO2 + 2H2O (15) UV In this work, amongst other commercial forms, P25 TiO2 was used with [TiO2] = 10 mg cm -3 and [AA] = 5 vol%. Previous work by the same group 9 , using Merck TiO2, had established at sample wavelengths: 290, 350 and 380 nm, that the initial rate was proportional to ρ 0.5 , over the irradiance range: 0.1 -5 mW cm -2 , and so it will be assumed θ = 0.5 in this same system using P25 as the photocatalyst. In their subsequent study 13 of the action spectrum for P25 the intensities used were: 1.4, 2.1, 2.7 and 3.6 mW at 350, 370, 385 and 410 nm, respectively, using a Xe lamp/MC system with a FWHM of ca. 23 nm. The normalized action spectrum reported for this system is illustrated in figure 6 , which matches quite well that of the normalized (at 350 nm) simulated action spectrum, (broken red line in figure 6 ) once the distortion by the Xe lamp emission spectrum has been included. The later simulated spectrum was generated using the spectral data of Satuf et al. 31 for P25 TiO2,see figure 2(a), and the same method as used to generate the action spectra in figure 4 . For comparison, the solid red line in figure 5 is the predicted shape of the action spectrum for the same system with no such distortion, i.e. if θ = 1, so that the action spectrum is independent of the emission spectrum of the excitation light. A comparison between the solid and broken red lines reveals the predicted degree of distortion the action spectrum undergoes when θ = 0.5 and a Xe lamp/MC (for which ρ is not constant at all λs) is used as the excitation source and P25 TiO2 is the photocatalyst. From this it is clear that the distortion is not very great from 400-350 nm at least, since over this range the Xe lamp emission spectrum is fairly flat, see figure 4(b). This would suggest that the Xe lamp is the best light source for recording the action spectrum of UV-absorbing photocatalysts, even if efforts are not made to make ρ the same at all wavelengths when recording the action spectrum. ] = 0.010 g cm 3 , using a Xe lamp/MC with FWHM = 23 nm 13 . The broken red line is the normalized (at 350 nm) action spectrum predicted using the same process as used in figure  2 , and assuming distortion by the Xe lamp spectral profile because θ = 0.5. The solid red line is that predicted assuming no distortion, since θ = 1.
Mixed crystalline phase distorted action spectra
In semiconductor photocatalysis the most important two crystalline phases of any semiconductor material tested to date are the anatase and rutile forms of TiO2, with bandgaps 3.2 and 3.0 eV, respectively. This difference in bandgap is reflected in a difference in the conduction band potentials of: -0.20 and 0.01 V vs NHE at pH 0, for anatase and rutile TiO2 respectively 37 . Evidence has been found that these two different phases exhibit different activities depending upon the photocatalytic reaction that is under test. For example, it has been found 13 that in the photo-oxidation of organic compounds, such as acetic acid, AA, in reaction (15), the anatase crystalline phase of TiO2 is more reactive than rutile, whereas in the photocatalysed reduction of silver nitrate by water, i.e. TiO2 4Ag + + 2H2O → 4Ag + O2 + 4H = (16) UV it appears that rutile is the more active phase. This should not affect the shape of the action spectra recorded using any pure phase, such as pure anatase or pure rutile TiO2. However, it can lead to striking differences when a mixed phase, as a P25 TiO2 is used (80:20 anatase:rutile 38 ) and this has been very well illustrated by the work of Torimoto et al. 13 in their study of the action spectra of a wide variety of pure and mixed forms of TiO2 when used to promote reactions (6), (15) and (16). Figure 7 illustrates their findings for P25 TiO2, which shows that the action spectrum for the photodeposition of Ag from AgNO3 is what might be expected for the narrow bandgap rutile form of TiO2, whereas that for the oxidation of AA corresponds to that for the larger bandgap crystalline phase of this semiconductor, anatase. Interestingly, from the profile in figure 7, and as noted by the authors, it appears that when platinized P25 is used to photocatalyse reaction (6), the dehydrogenation of MeOH, neither phase is dominant, which helps justify its earlier use here as an example of an ideal photocatalytic system, see figure 1 . The results in figure 7 show that in a mixed crystalline phase oxide such as P25 TiO2, the shape of the action spectrum may depend on the selectivities of the two crystalline phases for the reaction under study and, under such circumstances the overall action spectrum may appear a distortion form the ideal, in which both phases are equally active. As illustrated by the data in figure 8(b) , the CdS/RhB and CdS/MB systems are ones in which the adsorbed dye absorption spectrum overlaps with that of the semiconductor and so, as a consequence, it is essential to record an action spectrum in order to identify whether the semiconductor (in the case of photocatalysis), or dye (in the case of dye sensitisation or photolysis), is responsible for the observed photo-induced spectral changes in the absorption spectra of the reaction solutions. However, in cases where the dye absorption spectrum clearly doesn't overlap with that of the photocatalyst, as we shall see below, then it may be unnecessary to run an action spectrum to substantiate the photocatalytic nature of the reaction under test, provided the excitation light used is of a wavelength which the photocatalysts absorbs, but the absorbed dye does not.
It is clear from the UV/Vis absorption spectra that of RhB and MB, and probably most other dyes, illustrated in figure 8(b) , that when they are absorbed strongly onto the surface of the photocatalyst, the normally narrow visible bands of the monomeric forms of the dyes (typically FWHM = 40 nm), are significantly broadened, so much so that overlap with the absorption spectrum of the photocatalyst is possible. This broadening can render the system inappropriate for the unambiguous assessment of the photocatalytic activity of the semiconductor in the system. However, such significant absorption often depends both on the dye concentration and, more importantly, the pH of the system 40-42 . For example most cationic dyes, such as MB, do not absorb on TiO2 when the pH is much more acidic (e.g. pH 2) than the pzc of TiO2 (pH = 6.6), since the surface of the titania is then very positively charged 61,63 under such conditions; whereas, in contrast, in alkali (pH 11) MB is very strongly absorbed onto TiO2. Similarly, the anionic dye, AO7 41,42 , does not absorb strongly on TiO2 at pH 11, but does at pH 2. Thus, if a dye is to be used to test the photocatalytic activity of a new material, and if an action spectrum is not run, because the dye used has an absorption spectrum that appears very well separated from that of the photocatalyst, then it is important to note that the absorption spectrum that needs to be considered is that for the dye adsorbed on the photocatalyst under the conditions of the experiment and not the dye alone in aqueous solution. The latter is best determined by recording the diffuse reflectance spectrum of the reaction solution, rather than that of a dried form of the powder plus dye.
In spite of the significant potential pitfalls of using dyes 7 to probe the photo-oxidation capability of a photocatalyst, via reaction (1), the use of dyes, especially MB and acid orange 7, AO7, as the test pollutant continues to be a very popular approach to the assessment of the photocatalytic activity of any new photocatalyst, via the photo-oxidised mineralization of the dye by dissolved oxygen. Its popularity lies in the striking nature of the reaction (highly colored -to colourless) and the ease with which it can be performed, as it requires only a UV/Vis spectrophotometer. However, in such work, unless an action spectrum of the system is run 7 , in order to demonstrate that it is exclusively a photocatalytic process, there will always be a doubt as to whether the observed dye bleaching process was due in part, or wholly, to dye-sensitisation via reaction (2), or dye photolysis. This confirmatory step is particularly important when the novelty of the claim is visible light photocatalysis for systems in which the only test pollutant tested was a dye, usually MB. Obviously, in such cases, in the absence of an action spectrum, the claim of visible light photocatalytic activity should be considered ambiguous at the very least. Indeed, there have been calls 5 for the use of dyes as test pollutants in monitoring photocatalytic reactions to be abandoned, unless both the action spectrum and absorption spectrum have both been run for the system under study, to prove, as in the case of the demethylation of MB by CdS 25 , that the reaction is truly photocatalytic (see figure 8 ).
One possible way in which a dye may be used to test photocatalytic activity and avoid the accompanying concern regarding dye photosensitization is to study the photocatalysed reduction of a dye, such as resazurin, Rz (blue coloured; λ(max) = 605 nm), by a sacrificial electron acceptor, such as glycerol, in anaerobic solution, i.e. SC Glycerol + Rz → glyceraldehyde + Rf (17) hν ≥ Ebg where Rf is resorufin (pink coloured; λ(max) = 585 nm) 43 . This is in striking contrast to the usual use of dyes in photocatalysis in which the photo-oxidation of the dye is studied in the presence of a sacrificial electron acceptor, such as O2, as in reaction (2) . In the absence of O2, as in reaction (17), the photo-bleaching of the dye via the traditional dye sensitisation route, i.e. reaction (2), is not possible. As a consequence, provided the excited state of the dye is not quenched by glycerol, as in the case of Rz, then reaction (17) can only occur via a photocatalytic process 44 . A simple demonstration of this was reported recently by this group using a variety of different semiconductors, including CdS 6 . The photocatalysed reduction of Rz to Rz was monitored spectrophotometrically, and a typical set of results for CdS are illustrated in figure 9(a) , which reveal that the blue to pink colour change is rapid when ultra-bandgap light is used(λ(excit) = 455 nm; 20 mW cm -2 ). A brief inspection of the absorption spectra of the Rz, λ(max) = 608 nm, and Rf, λ(max) = 585 nm, see figure 9 (a), reveals little or no absorption at 455 nm by either Rz or Rf, but significant absorption by CdS, see figure 8(b). When the CdS/Rz system is irradiated with light which Rz does absorb and CdS doesn't, e.g. λ(excit) = 617 nm; 15 mW cm -2 , the observed photobleaching is negligible over the 5 min time period required to complete reaction (17), using 455 nm light (see figures 9(a) and 9(b) 6 . However, prolonged irradiation at 617 nm of the CdS/Rz system does reveal that a very slow dye photobleaching process occurs, but at a rate that is unchanged in the absence of CdS and/or glycerol, thereby indicating that it is due to dye photolysis. These finding suggest that a dye, like Rz, could be used to assess the photocatalytic activity of UV and visible light absorbing semiconductors, via a reductive photocatalytic reaction, such as reaction (17), using 365 or 455 nm radiation, provided the photocatalysed reaction was much faster than the slow photolysis of the dye. However, the most obvious way to avoid concerns of dye-sensitisation is to use simple organic test pollutants that will not absorb significantly the excitation light, such as MeOH, via reaction (6), although, in this case, this will require the semiconductor to be platinized beforehand, since photocatalysts most have high overpotentials for water reduction 17 .
Alternatively, acetic acid, AA, via reaction (15), can be used as the test pollutant, as has been demonstrated by Nishijima and co-workers 44 The fits of the action spectra for reaction (15) to the DRS absorption spectra of the semiconductor photocatalysts are reasonable, although not great, as illustrated in figure 10; these less than perfect fits are attributed by the authors 44 to the large FWHM (17 nm) used to generate the action spectrum. However, it is clear from the action spectra illustrated in figure 10 that the S-doped photocatalyst action spectrum does show clear evidence of visible light photoactivity, and that this feature is absent from that of P25 TIO2. However, even with this apparently simple system, using TiO2 alone, the reaction mechanism is is complex, since below an irradiance of ca. 5 mW cm 2 the rate depends upon ρ 0.5 , but depends upon ca. ρ -1 above this threshold. These two features, the authors 9 tentatively suggest reflect the radical chain nature of mechanism, which probably involves peroxy radicals.
Pollutant distorted action spectra: Charge Transfer Complexes (CTCs)
If the pollutant doesn't absorb visible light itself but instead forms a visible-light absorbing (ligand to metal) charge transfer complex, i.e. CTC, with the semiconductor, then it is possible that the visible light induced disappearance of the organic pollutant observed upon irradiation may be due to electronic excitation of the CTC and not photocatalysis 6 . In the former case, the electron is photoexcited directly from the ground state of the adsorbate to the semiconductor, which is invariably TiO2 4 . As in the dye sensitisation process, the oxidised form of the adsorbate may be sufficiently unstable so as to degrade, although complete oxidative mineralisation is not usually achieved via this process. Numerous groups have been reported cases of organics forming CTC's with TiO2, including ones that can be described as: phenolic (such as catechol, salicylic acid and phenol), hydroxyl (e.g. cyclodextrin) and carboxylic (e.g. EDTA, oxalic, formic and citric acid and aromatic carboxylic acids) 4 . In many cases, the CTC is unstable when exposed to visible light and thus the latter promotes the overall oxidative degradation of the original (non-complexed) organic with irradiation time. Clearly, this photochemical feature could be easily misinterpreted as an example of visible photocatalysis, whereas in fact it is a version of dye-sensitisation; where the CTC is the light-absorbing species. These CT complexes are usually identified via the appearance of additional absorption bands, often in the visible, in the DRS. As a consequence, it appears that before any unambiguous claim of visible light photocatalysis can be made, it is also essential to record the absorption spectrum, usually the DRS, of the photocatalytic system in order to identify where the various components absorb, i.e. the substrate and semiconductor, both alone and when combined to create the overall photocatalytic system under investigation.
Probably the most well-known of the CTC's is that formed between TiO2 and 4-CP 4 . Choi and his co-workers have reported that 4-CP weakly absorbs onto TiO2, most notably ST1 (Ishihara Co.) with a specific surface are ca. 340 m 2 g -1 , and as such can be degraded, to form CO2 and Cl -, under visible light, and that the rate can be correlated with oxide specific surface area 4 . These same workers also reported that the combination of 4-CP and P25 TiO2 form a weak CTC 9 , although others, looking at the same system report that such complexation is negligible 45 . Choi et al. 4 also note that: 'the LMCT induced degradation of phenolic compounds under visible light is much slower than that of bandgap-excited photocatalysis under UV-irradiation'.
An interesting example CTC photochemistry is that reported by Higashimoto et al 46 . in their study of the photocatalysed oxidation of benzyl alcohol (BA) to benzylaldehyde by dissolved oxygen using TiO2 in acetonitrile. This work is notable, not so much for the process, but rather the form 46 of the quantum yield, φ, versus λ, as illustrated in figure 11 . As noted earlier, φ vs. λ plots are not common in heterogenous photocatalysis , and a brief inspection of the data reveals that the φ, vs λ plot matches quite well that of the absorption spectrum of the BA/TiO2 CTC. However, theoretically this should not be the case, since for an ideal photocatalytic system, by definition:
i.e. unlike η, φ should be independent of the fraction of light absorbed, f, and most likely a constant at all wavelengths.
Any attempt to measure the φ vs. λ profile of a photocatalytic system requires details of how the f vs λ spectrum was determined in the first place, since without which the values of η cannot be converted to φ at each λ. In the case of Higashimoto et al. 46 and their study of the BA/TiO2 system, no such details are given, suggesting that the researchers did not actually determined f vs λ for the BA/TiO2 system. This observation, along with the fact that the action spectrum plot illustrated in figure 11 matches quite well with that of the absorption spectrum of the system, strongly suggests that the plot of φ vs λ in figure 11 , is in fact a plot of η vs. λ, and that the researchers 18 have mistakenly assumed that all the incident light is absorbed by the system, i.e. none is lost via scattering or transmission, so that f = 1 at all wavelengths, whereas in practice such losses are usually significant 30,31 . 
Catalyst-distorted action spectra:
It is well known that deposits of noble metals, such as Pt, can greatly enhance the rate of a photocatalytic process, most notably that of the reduction of water for which the overpotential is so high for the semiconductor alone, that the rate is negligible in the absence of such deposits 47 . Thus, the photocatalysed reduction of water, and concomitant oxidation of a sacrificial electron donor, SED, such as MeOH, see reaction (6), requires a platinized photocatalyst, or at least one with a noble metal deposit, since all have low overpotentials for water reduction 9 . Similarly, the photo-oxidation of organics by oxygen, i.e. reaction (1), is often enhanced by the presence of deposits of noble metals, such as Pt, since this appears to facilitate the reduction of the oxygen by the photogenerated conductance band electrons 47, 48 .
In the case of Pt, nanodeposits on TiO2 usually produce a grey powder which exhibits an action spectrum that is of the semiconductor alone, for example see figure 1 , and which shows no evidence of any unexpected visible light activity 9 . In contrast, recent work on gold-modified titania (Au/TiO2), reveals evidence of visible light activity, which has been attributed to photoexcitation of the localized surface plasmon resonance (LSPR) of the gold particles, in a process not too dissimilar to dye-sensitisation, i.e. reaction (2) 22, 48, 49 . Thus, the latter is an example of a case where catalyst deposits can distort the expected action spectrum of a photocatalytic system, if they are LSPR photoactive, in much the same way a dye can, via a sensitization process.
A very good example of the above is provided by the work of Kowalska et al. 22 , in their study of the action spectrum for reaction (1), using Au (2 wt% 
General guide to running an action spectrum
An action spectrum is a plot of η vs λ which, in an ideal classical photocatalytic system, should have the same shape as the plot of f vs λ, which, in turn, should be similar in shape to the DRS/absorption spectrum of the system. Obviously, for any photocatalytic measurement the system should be as well-defined as possible, so that others might be able (3) Ensure that the %variation of ρ across the wavelength range under investigation is as small as possible, typically < 30%, but, ideally, 0%
(4) Before running the action spectrum, determine the variation in the initial rate of the light-induced reaction as a function of ρ at 3 different wavelengths that span the active wavelength range under investigation, so as to determine if it is reasonable to assume θ = 1,
i.e. that the system is 'ideal' and will not be prone to intensity distortion effects.
(5) Before running the action spectrum, record the DRS/absorption spectrum of the individual components of the photocatalytic system, i.e. the semiconductor and substrate, as well as the photosystem as a whole. Study these spectra for evidence of: (i) substrate aggregation/adsorption, Pads, on the semiconductor photocatalyst and/or (ii) CTC formation.
Evidence of (i) and/or (ii) will undermine any claim of pure photocatalytic activity. Any significant overlap of the absorbance due to P, Pads, or CTC with that of the semiconductor photocatalyst alone will undermine any claim that the process under study is purely photocatalytic.
(6) Determine the action spectrum of the system based on initial rates and using equation
(4) and compare the spectral profile of the action spectrum with that of the DRS/absorption of the photocatalytic system in order to identify the light absorbing species and help support any claim that the reaction is purely photocatalytic.
Note that even for a well-defined photocatalytic system, reproduction of the exact values of η may prove difficult from laboratory to laboratory, since the absolute value of the rate depends upon so many different parameters, including the light flux in the photoreactor, which depends amongst other things, the degree of scattering and reflection of the incident light, the beam size and shape and the reactor design . As a consequence, some have suggested that individual values of η 'have little, if any, meaning' 50 . Thus, in recording the action spectrum, i.e. η vs. λ, of a photocatalytic system, it is not the absolute values of η that are of interest per se, but rather the spectral profile they reveal, which shows whether the system is photocatalytic or not.
Conclusions
The recording of an action spectrum, as well as the absorption or DRS spectrum, of a photocatalytic system is an increasingly important part of any study of photocatalytic systems, especially ones in which it is claimed that the photocatalyst is visible light absorbing. The ideal action spectrum of a classical photocatalytic system will have the same spectral profile as the fraction of light absorbed by the semiconductor as a function of λ,
with an initial rate that is proportional to ρ at all wavelengths; unfortunately, most photocatalytic systems exhibit non-ideal action spectra. There are several major possible causes for non-ideal action spectra, including: light intensity effects, crystal phase effects, dye-sensitisation photolysis, CTC formation and LSPR absorption by a deposited noble metal catalyst. Such non-ideal behavior could lead to mistaken claims of visible light photocatalysis. Indeed, it has been suggested 3 that it is unwise to use dyes to probe the activity of a photocatalyst, especially visible-light absorbing photocatalysts. In the latter case the photocatalyst is used to promote the oxidation of the dye by O2, or another sacrificial electron acceptor. Recent results indicate 6 that dyes may be appropriate for assessing photocatalytic activity when they are reduced, and a sacrificial electron donor is oxidized, i.e. via reductive photocatalysis. Whatever the assessment method, the recording of an action spectrum, as well as its DRS/absorption spectrum for the photocatalytic system under test, is essential in order to identify if it is truly photocatalytic in nature.
(4) G. Zhang, G. Kima and W. Choi, Energy Environ. Sci., 2014, 7, 954-966, and references therein. 
